Introduction 38
Streamwise ridges can often be observed in natural and man-made mobile-bed open channels, where they appear 39 across the whole channel at intervals of approximately two flow depths. These ridges are known to be capable of 40 generating depth-scale secondary currents (SCs) (e.g., Nakagawa 1984, 1993; Colombini 1993; 41 Colombini and Parker 1995; Wang and Cheng 2006) , which may affect turbulence structure, mixing, and hydraulic 42 resistance (e.g., Nikora and Roy 2012) . The generation of SCs is not restricted to streamwise ridges (which introduce 43 topographical changes in the cross-section) but may also occur in the case of spanwise variations in bed surface 44 roughness without changing bed topography (e.g., Colombini Complementing open-channel studies, streamwise ridges have also attracted the attention of researchers studying 49 boundary layers (e.g., Vanderwel and Ganapathisubramani 2015; Medjnoun et al. 2018 ; Hwang and Lee 2018) and 50 closed-channel flows (e.g., Yang and Anderson 2018) , who focused on the effects of different ridge properties (e.g., 51 shape or relative width and height of the ridges) on the generated SCs. In particular, Vanderwel and 52 Ganapathisubramani (2015) investigated the effects of the spanwise spacing of streamwise rectangular ridges on 53 the flow structure and found that they can instigate SC cells, i.e., time-averaged streamwise vortices, that scale with 54 the ridge spacing. This result highlighted that streamwise ridges are not only capable of generating SCs but also of 55 controlling them. 56
Since SCs compliment viscous and turbulent stresses in delivering fluid momentum to the bed (and therefore in 57 generating drag), we might expect some influence of the ridge spacing on flow resistance. The aim of this work is therefore to assess the effects of spanwise spacing, relative submergence, and surface roughness of streamwise 59 ridges on hydraulic resistance in open-channel flows. Extensive hydraulic measurements of the bulk friction factor 60 were carried out, complemented with specially designed experiments involving particle image velocimetry (PIV). 61
In the next section, a necessary conceptual background is outlined. Then, the experimental details are provided. The 62 data analysis procedure is explained next, followed by the presentation and discussion of the results. The last section 63 summarises the main outcomes of the work. 64
65
Background 66
Hydraulic resistance can be quantified by a number of coefficients such as Manning's n , Chézy's C or Darcy-
67
Weisbach's friction factor f (e.g., Graf and Altinakar 1998) . In this Technical Note, we use the Darcy-Weisbach 68 friction factor f , which relates to n and C as
A BH = is cross-sectional area of the flow, B is channel width, H is mean flow depth, P is total wetted perimeter, 70 and g is gravity acceleration. In open-channel flows, the friction factor f usually incorporates the contributions 71 from both channel bed and sidewalls (or banks). The problem of finding the friction factor due to the bed roughness 72 only (i.e., excluding effects of side walls and associated secondary currents) is known as "side-wall correction" 73 (e.g., Guo 2015 Guo , 2016 . Although there is no rigorous analytical solution to this problem, it can be shown that the 74 friction factor b f due to the bed roughness only is in the range (Guo 2015; Stewart et al. 2018 
(1) 76
where the lower limit is given by the conventional friction factor 2 8 / l b f gRS U =
; the upper limit is defined as 77
, which can be interpreted as a friction factor of an equivalent flow where the total friction force 78 is assigned to the bed only;
P is the wetted perimeter of the bed only, which explicitly accounts for the contribution 80 of the ridges to the wetted perimeter (in contrast to the frequently used approximation of b P by the channel width 81 B ). 82
If the flow aspect ratio (ratio of channel width to flow depth) is sufficiently large, the flow in the central part of 83 the flume is affected by bed roughness only and thus the true bed friction b f can be directly estimated as: 84
is bed-related shear velocity;
( ) (1)] were carried out for a range of flow conditions (Table  119 1) related to three cases: (1) no ridges on the bed; (2) smooth ridges on the bed; and (3) rough ridges on the bed. Although detailed analysis of the flow structure is outside of the scope of this Technical Note and will be reported 146 elsewhere, here we show mean velocity fields for some selected cases (flows over beds without ridges and with 147 ridges at spacings of 20, 50 and 100 mm, Fig. 2 ) as complementary information for the hydraulic resistance data 148 presented in this Technical Note. Similar to boundary layer flows over rectangular streamwise ridges (Vanderwel 149 and Ganapathisubramani 2015; Hwang and Lee 2018), the triangular ridges in our study also generate SCs with cell 150 sizes that scale with the ridge spacing. In our case, however, the SCs did not disappear at small spacings (e.g., s = 151 20 mm) as in Vanderwel and Ganapathisubramani (2015) . The direction of rotation of the SC cells is consistent 152 with the previous studies of flows over streamwise ridges (e.g., Nakagawa, 1984, 1993 Placing the ridges on the rough bed modifies it by (1) increasing the bed wetted perimeter and, in the case of smooth 164 ridges, (2) altering the bed surface roughness, which not only affects the roughness-related friction, but may also 165 change the properties of the SCs induced by the ridges. In the previous section we showed that the result of these 166 modifications is the emergence of SCs that scale with the ridge spacing (Fig. 2) . Thus, the measured friction factors 167
f , l f and u f ) incorporate contributions of ridge-induced SCs as well as accounting for changes in bed roughness. 168
In order to help interpret the results, a friction factor ( EST f ) that neglects any effects related to ridge-induced SCs 169 was estimated and used for comparison. Any difference between measured and estimated friction factors therefore 170 can likely be related to the presence of SCs generated by the ridges (Fig. 2) . The procedure used for obtaining EST f 171 is outlined below. 172
The flow cross-section was divided into ridge and inter-ridge subsections bounded by vertical separating planes 173 (Fig. 3) . The estimated friction factor was obtained considering the flow within each subsection free of ridge-174 induced SCs and excluding any momentum transfer (on average) from one subsection to another. Such an approach 175 has been widely used in hydraulic applications and is known as "divided channel method" (e.g., Chow 1959 (Fig. 3 ). Combining Eqs.
(2) and (3) and assuming that the friction 181 slope (which is equal to b S in the case of steady uniform flow conditions) is the same for all subsections, the 182 estimated friction factor for the whole bed is defined as: 183 flow structure introduced by the ridges (Fig. 2 ) significantly contribute to hydraulic resistance. Fig. 4(b) presents 222 the upper bound of the bed friction factor ( u f ) and corresponding estimated friction factor ( ESTu f ) for both rough 223 and smooth ridges from bulk measurements for the same maximum flow depth as in the PIV measurements, i.e., 224 H ≈ 50 mm. Comparing the data at small / s H , one can note that the estimated friction factor ESTu f for rough-225 surface ridges is higher than that for smooth-surface ridges, revealing the effects of the ridge surface properties on 226 the total bed friction factor. Once again, u f is generally different from ESTu f , showing a trend similar to that for the 227 PIV data in Fig. 4(a) . 228
In Fig. 4(c flows. Compared to an estimated friction factor that does not account for changes in the flow structure induced by 263 the ridges, it is found that ridge spacings around ≈ 1.6 flow depths lead to ≈ 10% increase in the friction factor, 264 while at spacings smaller than ≈ 0.7 flow depths the friction factor is reduced by up to ≈ 20%. The observed 265 maximum in the friction factor at / s H ≈ 1.6 suggests that the naturally emerging sedimentary ridges on the river 266 beds (that have a similar spanwise periodicity; e.g., Colombini and Parker 1995) maximise hydraulic resistance, 267 recalling a maximum resistance hypothesis for mobile bed flows (e.g., Davies and Sutherland 1983) . 268
The obtained results imply that the effects of relative submergence and ridge surface roughness are likely to be 269 
